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Design and evaluation of benzophenone-containing conformationally constrained ligands as tools for photoaf®nity scanning of the integrin a V b 3 ±ligand bimolecular interaction
Abstract: Integrins are cell-surface adhesion molecules involved in mediating cell±extracellular matrix interactions.
High-resolution structural data are not available for these Generating a high-resolution three-dimensional structure of a protein is in many cases a key step toward understanding its biological role. X-ray crystallography and NMR spectro- Complementary to these indirect approaches is photoaf®nity cross-linking, a method which provides direct information about the binding surface by identifying contact sites between ligands (which are modi®ed to incorporate a photoreactive group) and their receptors (5) . By carefully designing bioactive ligands that contain both a single photoreactive moiety positioned at discrete positions in the ligand and a reporting`tag', a topological map of the ligand±receptor interface can be generated (6) . The resolution offered by this methodology is not as high as that of NMR or X-ray crystallography, yet in many cases, and membrane-bound receptors is one of them, photoaf®nity scanning is the best tool available for direct structural investigation of the ligand±receptor interface.
Integrins are membrane-bound cell-surface adhesion molecules involved in cell±extracellular matrix (ECM) and cell±cell interactions (7, 8) . These heterodimeric glycopro- essential for the resorptive process (14) . Therefore, inhibition of a V b 3 function may provide a novel mechanism-based approach for the treatment of diseases associated with increased bone resorption such as osteoporosis (13, 15).
Rational design of antagonists of integrin receptors will bene®t from a detailed understanding of the structure of the integrin±ligand complex. Being large, membrane-embedded proteins, structure±function information about integrins has been generated almost entirely by indirect methods such as mutational analysis (16±18), creation of receptor chimeras (19, 20) and deletion-containing mutants (21) , biological characterization of peptides derived from putative binding sites (22) and generation of activating (23) or inhibitory (22) antibodies.
Early attempts to elucidate the nature of the bimolecular interaction between the b 3 -containing integrins, a V b 3 and Boc strategy, cleavage and cyclization
Peptides of series 1 and 2 were cleaved from the resin by HF with 5% thioanisol as a scavenger. The reaction was performed at 08C for 75 min. Disul®de bond formation was performed using I 2 in acetic acid as described previously (43). 
Deprotection of side-chain protecting groups in Fmoc strategy
The 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf), Boc and t-butyl protecting groups were deprotected from the side-chains of the Arg, Asp, Lys and Tyr residues by treatment with TFA and scavengers as described (44) .
HPLC puri®cation
All of the peptides were puri®ed by preparative or semipreparative HPLC using the eluent system A, 0.1% TFA in ddH 2 O; B, 0.1% TFA in ACN, and monitoring at 220 nm (42) . Typically the¯ow rates were 20 mL/min for semipreparative separations and 70 mL/min for preparative separations. All peptides were . 97% pure before further use. Their integrity was con®rmed by mass-spectroscopy and amino acid analysis ( Table 1) . temperature. The radiolabeled peptide was isolated by a RP-HPLC using a Nova-Pak C18 column (3.9±150 mm; Waters, Milford, MA) with the same solvent system as above.
Puri®cation was carried out using a suitable linear gradient during 30 min at a¯ow rate of 1 mL/min, monitored at 220 nm. The radioactive peak was collected (0.5 min/ fraction) and the radioactivity in each fraction was monitored by a c-radiation counter. The fractions containing the radioactive peak were pooled and stored at ±808C. (500 mg, 1.09 mmol) and t-butyl bromoacetate (2 mL, 13 mmol) in 50 mL of acetone. The mixture was re¯uxed overnight and the solvent was evaporated in vacuo. The remaining oil was taken up in ether (100 mL) and washed with water (75 mL), 5% NaHCO 3 (3±75 mL), 10% citric acid (3±75 mL) and brine (3±50 mL). The organic phase was dried over MgSO 4 , the solvent was evaporated and the residue was puri®ed by silica column chromatography eluting with hexane/EtOAc ± 3 : 1. Yield: 400 mg (64%). TLC-R f = 0.28 The Boc and t-butyl ester groups were removed from 400 mg I-echistatin was used as a radioactive tracer and nonlabeled echistatin was used as a control in all assays which were performed as described in the Experimental Procedures. Key 1b (X), 1e (J), 1j (m), 2a (u), 3c (n), 4b (N). revealed that the iodinated form did not bind to a V b 3 . We concluded that either steric hindrance or excessive hydrophobicity was imposed by the bulky and hydrophobic iodine atom.
Synthesis of amino acid derivatives and dipeptides
In order to circumvent these problems, we attempted Analogs 1b and 1c were prepared in a manner similar to 1a, but an Ahx or a PEG spacer was inserted, respectively, between the I-BH group and the N-terminal Cys residue (Fig. 3) . To allow direct assessment of the binding af®nity of iodine-tagged analogs we coupled a nonradioactive I-BH group to the spacer instead of using the noniodinated BH group. Af®nity for the a V b 3 integrin was measured using the standard radioiodinated echistatin as a tracer by the binding assay described in Experimental Procedures. Peptides 1b and 1c had af®nities of 0.7 and 0.3 mm, respectively (Fig. 1) .
Thus, moving the iodine atom away from the RGD triad in peptides based on scaffold 1 restored af®nity for the integrin receptor.
Introduction of a biotin group as a tag linked to the Nterminus through an Ahx spacer (Fig. 3 ) generated peptide 1d, which had an IC 50 of 0.5 mm (Fig. 1) . By using avidin± horseradish peroxidase or avidin±alkaline phosphatase conjugates as detection systems, the biotin tag could replace the radioactive tag, albeit with a decrease of approximately three orders of magnitude in detection sensitivity.
The third approach attempted to incorporate the photoreactive group and the tag-bearing moiety in the bridging element replacing the original disul®de bridge. A carboxymethylated tyrosine side-chain and the a-amino group were used, respectively, for N-to C-termini cyclization (Fig. 4) . In the resulting peptide (1j), the benzophenone group was coupled to the a-COOH group of Asp. The modi®ed tyrosine was designed to serve as an incorporation site for the 125 I tag. Unfortunately, this peptide showed no af®nity for a V b 3 even prior to iodination.
We also explored the effect of moving the benzophenone group to two other positions in the scaffold. At the Nterminus, pBz 2 OH was coupled either directly (1e, 1f) or through an Ahx spacer (1g). A lysine residue was introduced at the C-terminus, and I-BH (1e) or biotin (1f, 1g) tags were coupled to its e-NH 2 group through an Ahx spacer. Analogs showed speci®c but low ef®ciency cross-linking to the integrin receptor (Fig. 6 ).
Preparation of peptidomimetic 5a
The ®fth scaffold used was the peptidomimetic 5. In this molecule the amino group of the Arg residue is methylated and the RGD triad is cyclized through a diphenyl disul®de moiety (Fig. 1) . We speculated that the diphenyl disul®de could be replaced by a benzophenone group, thus incorporating the photoreactive moiety into the`backbone' of the peptidomimetic. Since the benzophenone moiety may impose increased sterical tension on the macrocycle, the Arg residue was not methylated in analog 5a. Further release of steric constrain was provided by incorporation of a Lys residue, which was inserted in order to provide a`handle' for introduction of a tag moiety. Interestingly, the molecule was found to be unstable upon storage and underwent considerable decomposition after 2 weeks at 48C. Some decomposition was observed even when 5a was stored for longer periods at ±208C. Owing to its low af®nity and inherent instability, we did not use in cross-linking experiments. Since it is practically impossible to accurately predict the combined effects of incorporating both a photoreactive moiety and a reporting`tag' on binding af®nity, we
anticipated that only few of the newly designed analogs would be of use in photoaf®nity scanning studies. Therefore, ®ve different scaffolds were chosen, modi®ed and assessed in parallel.
Some decrease in binding af®nity was found in most of the modi®ed scaffolds. In some cases, no binding was observed after iodine incorporation. Introduction of the bulky iodine 
